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ABSTRACT
From a comprehensive statistical analysis of Swift X-ray light-curves of gamma-ray
bursts (GRBs) collected from December 2004 to the end of 2010, we found a three-
parameter correlation between the isotropic energy emitted in the rest frame 1-104
keV energy band during the prompt emission (Eγ,iso), the rest frame peak of the
prompt emission energy spectrum (Epk), and the X-ray energy emitted in the rest
frame 0.3-30 keV observed energy band (EX,iso), computed excluding the contribution
of the flares. In this paper, we update this correlation with the data collected until
June 2014, expanding the sample size with ∼35% more objects, where the number of
short GRBs doubled. With this larger sample we confirm the existence of a universal
correlation that connects the prompt and afterglow properties of long and short GRBs.
We show that this correlation does not depend on the X-ray light-curve morphology
and that further analysis is necessary to firmly exclude possible biases derived by
redshift measurements. In addition we discuss about the behavior of the peculiar
objects as ultra-long GRBs and we propose the existence of an intermediate group
between long and short GRBs. Interestingly, two GRBs with uncertain classification
fall into this category. Finally, we discuss the physics underlying this correlation, in
the contest of the efficiency of conversion of the prompt γ-ray emission energy into
the kinetic energy of the afterglow, the photosferic model, and the cannonball model.
Key words: radiation mechanism: non-thermal – gamma-rays: general – X-rays:
general.
1 INTRODUCTION
The Swift satellite (Gehrels et al. 2004), launched on Novem-
ber 2004, opened a new era for the study and understanding
of gamma-ray busts (GRBs), detecting more than 900 ob-
jects until January 2015. Thanks to its unique observing
capabilities, many correlations involving prompt and after-
glow emission quantities could be further investigated (e.g.
Reichart et al. 2001; Amati et al. 2002; Ghirlanda, Ghisellini
& Lazzati 2004; Yonetoku et al. 2004; Dainotti, Cardone &
Capozziello 2008).
One of the most studied is the Amati relation (Am-
ati et al. 2002) that involves the isotropic energy emit-
ted in the rest frame 1-104 keV energy band during the
prompt emission (Eγ,iso) and the photon energy at which
the prompt emission energy spectrum peaks (Epk). This re-
lation is followed by long GRBs, while short GRBs lie in a
? E-mail: elena.zaninoni@gmail.com (EZ)
separate region of the Eγ,iso-Epk plane. Recent papers (e.g.
Zhang, Chen & Huang 2012; Shahmoradi & Nemiroff 2015;
Calderone et al. 2015) showed that short GRBs also follow
a well defined relation in the Eγ,iso-Epk plane, with similar
slope but different normalization with respect to long GRBs.
From a comprehensive statistical analysis of Swift X-
ray light-curves collected from December 2004 until Decem-
ber 2010 (Margutti et al. 2013, hereafter M13), we found
a three-parameter correlation between Eγ,iso, Epk, and the
X-ray energy emitted in the rest frame 0.3-30 keV observed
energy excluding the flare activity (EX,iso). The uniqueness
of this correlation is that it accommodates long, short, and
low-energy GRBs in a single scaling, involving prompt and
afterglow emission quantities (Bernardini et al. 2012, here-
after B12, M13). This finding suggests that its physical ori-
gin is deeply connected with properties that are shared by
the GRBs as a whole.
In this paper we update the EX,iso-Eγ,iso-Epk correla-
tion including all GRBs observed by Swift until June 2014.
c© 2015 RAS
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We select the sample following the same prescriptions as in
B12 and M13. In particular, we consider only GRBs with: i)
secure redshift measurement; ii) measured Epk; iii) complete
X-ray light-curve. The new sample contains about 35% more
GRBs than the old one, and, in particular, twice the number
of short GRBs. This new sample gives us the possibility to
better investigate: i) the role of short GRBs in the EX,iso-
Eγ,iso-Epk correlation; ii) the possible link between long and
short GRBs; iii) the properties of the group of GRBs that
lies between long and short GRBs (which we call interme-
diate group); iv) the characteristics of peculiar GRBs, like
ultra-long GRBs; v) the relation between prompt and after-
glow emission.
This paper is organized as follow: description of cri-
teria used for the sample selection (Sec. 2); description of
the EX,iso-Eγ,iso-Epk correlation and of particular GRBs in-
cluded in the sample (i.e. short GRBs, ultra-long GRBs and
GRBs with uncertain classification); Sec. 3); discussion of
intermediate group, possible biases, and the physical moti-
vations for this correlation (Sec. 4); summary and conclu-
sions (Sec. 5). Uncertainties are given at 68% confidence
level (c.l.) unless explicitly mentioned. Standard cosmologi-
cal quantities have been adopted: H0 = 70 km s
−1 Mpc−1,
ΩΛ = 0.7 and ΩM = 0.3.
2 SAMPLE SELECTION
We updated our sample (B12, M13) selecting all GRBs ob-
served until June 2014 that fulfill the following requirements
(M13):
(i) Their reshifts z are derived from optical spectroscopy
or they have photometric redshifts for which potential
sources of degeneracy (e.g. dust extinction) can be ruled
out with high confidence.
(ii) It was possible to measure the rest-frame peak energy
(Epk) and prompt emission isotropic energy in the rest-frame
1-104 keV energy band (Eγ,iso Amati 2006; Amati et al.
2008; Amati, Frontera & Guidorzi 2009) from the broadband
modeling of the prompt emission time-integrated spectrum.
(iii) They were observed by Swift/XRT and have a
complete X-ray light-curve, i.e. promptly re-pointed by
Swift/XRT (trep < 300 s) and for which observations were
not limited by any observing constraint.
We obtained a new sample composed of 81 long GRBs, 11
short GRBs and 2 GRBs with uncertain classification1. The
new sample contains ∼35% more GRBs than the previous
one; in particular the sample of short GRBs doubled (Table
1).
3 THE EX,ISO-Eγ,ISO-EPK CORRELATION
The EX,iso-Eγ,iso-Epk correlation involves Epk, Eγ,iso, and
EX,iso. Epk and Eγ,iso are calculated as described in Am-
ati et al. (2002), where the gamma-ray spectrum is fitted
using a Band function (Band et al. 1993). For the short
GRBs 080123, 090423, 100625A, 111117A, and 130603B, we
1 The GRBs with uncertain classification are GRB 090426 and
GRB 100816A. A detailed discussion can be found in Sec. 3.2.
Table 1. List of 33 GRBs added to the old sample. Short GRBs
are marked in boldface, while the GRB with uncertain classifica-
tion is underlined.
GRB name
080123, 090426, 100117A, 100625A, 110106B, 110205A,
110213A, 110503A, 110715A, 110731A, 110801A, 110818A,
111107A, 111117A, 111209A, 111228A, 120119A, 120326A,
120712A, 120802A, 120811C, 121128A, 130408A, 130427A,
130505A, 130603B, 130701A, 130831A, 130907A, 130925A,
131030A, 140206A, 140419A
consider the values of Epk and Eγ,iso reported in D’Avanzo
et al. (2014), who fitted the spectrum considering also a
cut-off power-law function or a Band function with fixed
high-energy index.
For GRBs in the original sample, we extracted the XRT
light-curves using the method presented in Margutti (2009),
while for GRBs observed after December 2010, we used
the count-rate light-curves from the official repository site
(Evans et al. 2007, 2009) and employed the time-resolved
spectral analysis to perform the spectral calibration in the
common rest-frame energy band 0.3-30 keV. In both cases
we use a time-variable flux-to-count conversion factor and
we propagate the uncertainty from the spectral fits to the
final flux light-curves. This method allows us to correctly de-
tect the presence of statistically significant positive tempo-
ral fluctuations superimposed on a smoothly decaying light-
curve. Finally, EX,iso was calculated as in M13, fitting the
continuum part of 0.3 - 30 keV X-ray light-curves in lumi-
nosity (Margutti et al. 2011; M13; Zaninoni 2013) and inte-
grating the fitted light-curve between the start and the end
time of the observations. We compute the EX,iso in the 0.3 -
30 keV band for considering the bulk of the X-ray emission.
On the other hand, as we demonstrate in B12 and M13,
the choise of the 0.3- 30 rest frame band or of the 0.3 -10
keV observer band does not influence the reliability of the
correlation.
In Table A1 in Appendix we listed the values of EX,iso,
Eγ,iso and Epk for the new GRBs of our sample.
The correlation is derived using the method of
D’Agostini (2005) (for details see Appendix A), which con-
siders an intrinsic scatter σext that accounts for the possible
contribution of hidden variables2 (see also B12, M13). In
this way:
Log
[
EX,iso
erg
]
= (0.97± 0.06) Log
[
Eγ,iso
erg
]
(1)
−(0.57± 0.13) Log
[
Epk
keV
]
− (0.62± 0.08),
with an extra-scatter σext = 0.32 ± 0.04. Figure 1 shows
a two-dimensional representation of this relation. The extra-
scatter is similar to the value obtained with the old sample
(B12, M13). As explained in B12 and M13, this correlation is
robust, spanning four orders of magnitude in EX,iso and Epk,
and six orders of magnitude in Eγ,iso, and combines both
2 For this analysis we use a procedure that uses R (http://www.r-
project.org/) program language.
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Figure 1. EX,iso - Eγ,iso - Epk correlation for the sample of 81 long GRBs (black diamonds for the old sample, blue dots for the new
sample, green triangles for low-energy GRBs, and cyan triangles for the ultra-long GRBs), 11 short GRBs (red pentagons for the old
sample and red stars for the new sample), and two GRBs with uncertain classification (yellow squares). The black solid line is the
best-fitting function Log[Ex,iso] = 0.96 Log[Eγ,iso] - 0.57 Log[Epk] - 0.62 and the yellow area marks the 2σ confidence region. The gray
area indicates the position of the intermediate group.
short and long GRBs in a common scaling. Indeed, the newly
added short GRBs (080123, 100117A, 100625A, 111117A,
130603B; Table 2) confirm the validity of the EX,iso-Eγ,iso-
Epk correlation for all families of GRBs and populate the
same region of the plane as short GRBs of the original sam-
ple.
If we consider only long GRBs the relation becomes:
Log
[
ELX,iso
erg
]
= (0.77± 0.14) Log
[
ELγ,iso
erg
]
(2)
−(0.21± 0.24) Log
[
ELpk
keV
]
− (0.63± 0.08),
with an extra-scatter σext = 0.31±0.04. The extra-scatter
is similar to that of the entire sample, while the slope is
slightly different.
We test the EX,iso-Eγ,iso-Epk correlation computing the
correlation coefficient (ρxy) and the null hypothesis prob-
ability (NHP) for the new and the old sample. In the
case of the complete samples we obtain ρnewxy = 0.92 and
NHPnew ∼ 1 for the updated sample (94 GRBs) and ρoldxy
= 0.90 and NHPold ∼ 1 for the old sample (61 GRBs); if
we consider only long GRBs, we obtain ρnew,longxy = 0.86 and
NHPnew,long ∼ 1 for the updated sample (81 GRBs) and ρoldxy
= 0.84 and NHPold,long ∼ 1 for the old sample (54 GRBs).
Therefore the existence of this correlation is confirmed and,
since ρxy and NHP are larger for the updated sample than
the old one, we can conclude that the correlation is stronger.
3.1 Ultra-long GRBs
Recently, there has been extensive discussion about the ex-
istence of a new class of GRBs, named ultra-long GRBs (e.g.
Tho¨ne et al. 2011b; Gendre et al. 2012, 2013; Virgili et al.
2013; Zhang et al. 2014; Levan et al. 2014). From the point
of view of the duration of the prompt emission of GRBs,
some authors classify as ultra-long GRBs those bursts with
durations of several thousand seconds (e.g. Levan et al.
2014), while other authors give a more precise definition:
long GRBs have T90 > 2 s, very-long GRBs have T90 >
c© 2015 RAS, MNRAS 000, 1–??
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Table 2. Short GRBs. GRB : GRB name. z: redshift. Epk: peak energy in keV units. Notes: it indicates if the GRB belongs to the
original sample (OS) or to the new sample (NS) and if it was used for the fit of the EX,iso-Eγ,iso-Epk correlation (Y ) or not (N). z Ref.
and Epk Ref.: reference for the redshift and the Epk, respectively. (1) Margutti et al. (2013); (2) D’Avanzo et al. (2014); (3) Berger et al.
(2013); (4) Margutti et al. (2012); (5) Sakamoto et al. (2005); (6). Amati et al. (2008).
GRB z Epk (keV) Notes z Ref. Epk Ref.
050724 0.258 100±16 OS Y (1) (1)
051221A 0.5465 622±35 OS Y (1) (1)
051227 0.714 100+219−41.3 NS N (1) (5)
061006 0.438 955±259 OS Y (1) (1)
061201 0.111 969±412 NS N (6) (6)
070714B 0.92 215±750 OS Y (1) (1)
071227 0.3830 1384±277 OS Y (1) (1)
080123 0.495 149.50 NS Y (2) (2)
090510 0.903 8370±760 OS Y (1) (1)
100117A 0.92 551±135 NS Y (1) (1)
100625A 0.452 701.32±114.71 NS Y (2) (2)
101219A 0.718 842±170 NS N (2) (2)
111117A 1.2 966±322 NS Y (4) (2)
120804A 1.3 310 NS N (3) (3)
130603B 0.356 900±140 NS Y (2) (2)
103 s, while ultra-long GRBs have T90 > 10
4 s (e.g. Gendre
et al. 2013)3. Only a few very- and ultra- long GRBs were ob-
served so far. Among these Swift detected low-energy GRBs4
060218 (T90 = 2100 s; Cusumano et al. 2006) and 100316D
(T90 >1300 s; Stamatikos et al. 2010), and GRBs 101225A
(T90 ≥1650 s; Racusin et al. 2010), 111209A (T90 ∼15000
s; Hoversten et al. 2011), and 130925A (T90 ∼ 20000 s, Lien
et al. 2013).
In our sample there are three ultra long lasting bursts:
low-energy GRB 060218 and GRBs 111209A and 130925A.
In what follows we consider also GRB 101225A, which was
not considered in our previous sample because of the un-
certainty of its redshift (Campana et al. 2011; Tho¨ne et al.
2011b), now settled to be 0.847 (Levan et al. 2014). Ultra-
long GRBs do not occupy a particular area in the Eγ,iso
- Epk - EX,iso plane (Figure 1 cyan triangles). In particu-
lar, GRB 060218 is a low-energy GRB and lies consistently
in the bottom-left area of this plane, while GRB 111209A
and GRB 130925A lie in the region occupied by other long
GRBs. GRB 101225A follows the EX,iso-Eγ,iso-Epk correla-
tion and behaves as a long GRB. When we consider other 2-
parameter correlations Eγ,iso - Epk (Figure 3a), Epk - EX,iso
(Figure 3b), Eγ,iso - EX,iso (Figure 3c), and Epk -  ( = 1/η
with η the efficiency of the process, see Sec. 4.3 for more de-
tails; Figure 3d), we notice that GRBs 101225A, 111209A,
and 130925A behave like ordinary long GRBs, while GRB
060218 lies in a peculiar area because of its low energies both
in the X-rays and γ-rays5.
Ultra-long GRBs are consistent with the EX,iso-Eγ,iso-
Epk correlation as all other GRBs. Even if these GRBs seem
3 T90 is the time in which from 5% to 95% cumulative counts
are recorded.
4 We consider as low-energy GRBs long GRBs with Eγ,iso below
1052 erg.
5 GRB 101225A does not lie in the 2-sigma region for Epk -
 relation. The uncertainties about the analysis of the data of
this GRB prevent us from deriving firm conclusions about its
behavior.
to show uncommon local properties (e.g. Levan et al. 2014),
their similar behavior in the EX,iso-Eγ,iso-Epk correlation
could be related to a general and not local feature, as the
dynamics of the jet.
3.2 GRBs with uncertain classification
GRBs 090426 and 100816A have an uncertain classification,
because they show properties that are intermediate between
long and short GRBs. From Figure 1, we note that short
GRBs occupy the left bottom part of the correlation plane,
instead GRB 090426 lies between the groups of long and
short GRBs. Indeed the classification of this GRB is very
debated (e.g., Antonelli et al. 2009; Levesque et al. 2010;
Tho¨ne et al. 2011a; Nicuesa Guelbenzu et al. 2011; Grupe
et al. 2013; D’Avanzo et al. 2014). Even if GRB 090624 has
a very soft spectral index and it lies in the 2σ confidence
level region of the Amati relation, we consider this burst
as a short GRB, as discussed also by other authors (e.g.,
D’Avanzo et al. 2014). Its gamma-ray emission duration is
less than 2 s (Tobs90 <0.2 s and T
RF
90 < 0.5 s). In addition,
the value of the intrinsic absorption (NH = 2.3
+5.6
−19 × 1021
cm−2), the presence of the highly ionized absorption lines,
the position of the afterglow in the host galaxy, and the
duration of the gamma-ray emission, support the idea that
GRB 090426 was formed by the merger of two compact ob-
jects. In some scenarios (e.g. Belczynski et al. 2006; Perna
& Belczynski 2002), the duration of the merger is very short
and the binary system remains inside the star forming re-
gion, as observed in this case, so the afterglow luminosity
could be comparable to that of long GRBs. This scenario
supports also the high redshift of GRB 090426.
GRB 100816A lies between long and short GRB groups
in the EX,iso-Eγ,iso-Epk correlation and its classification is
still uncertain (Tunnicliffe & Levan 2012; Norris, Gehrels &
Scargle 2011; Margutti et al. 2013; D’Avanzo et al. 2014).
It can be classified as short GRB because it has an hard
spectrum, it lies offset from its host galaxy, and there is no
association with a supernova (SN). On the other hand, in
c© 2015 RAS, MNRAS 000, 1–??
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strict analogy to long GRBs, it follows the Amati relation,
its gamma-ray duration is longer than 2 s (T90 ∼ 2.9 s), and
has a positive spectral lag (Bernardini et al. 2015).
4 DISCUSSION
The new sample of GRBs confirms the existence of the
EX,iso-Eγ,iso-Epk correlation, with similar best-fitting pa-
rameters. In particular, the larger number of short GRBs
better constrains this correlation, since there are more bursts
with low energies. In addition, this correlation is robust,
spanning four orders of magnitude in EX,iso and Epk, and
six orders of magnitude in Eγ,iso, and combining both short
and long GRBs in a common scaling. In the following sec-
tions we discuss the presence of an intermediate group of
GRBs that lies between long and short GRBs in the EX,iso-
Eγ,iso-Epk correlation plane (Section 4.1), the possible pres-
ence of biases that shape the correlation (Section 4.2), and
the possible physical processes and mechanisms that lead to
the EX,iso-Eγ,iso-Epk correlation (Section 4.3).
4.1 The intermediate group
In the previous compilation of the EX,iso-Eγ,iso-Epk corre-
lation, GRBs were divided in two groups along the corre-
lation with a lack of objects between them. Thanks to the
updated sample, this area is now occupied by three new
long GRBs (110106B, 120724A, 130831A) and a GRB with
uncertain classification (090426). This group of objects, to-
gether with short GRBs 070714B and 090510, low-energy
GRBs 050416A, 060614, and 081007, long GRB 080916,
and GRB 100816A with uncertain classification, suggest the
presence of an intermediate group between long and short
GRBs (Figure 1, gray area).
In this group there are not only the two GRBs with
uncertain classification, of which we discussed in Sec. 3.2,
but also another intriguing object, GRB 060614. This GRB
has been classified as long GRB because of the duration
of its gamma-ray emission (T90 = 102 s), but it has some
characteristics that are typical of short GRBs (e.g. Gehrels
et al. 2006; Fynbo et al. 2006; Della Valle et al. 2006; Gal-
Yam et al. 2006). In spite of its low redshift (z = 0.125),
no SN has been detected and its environment is typical of
short GRBs, since it exploded in a zone with a small specific
star formation rate and off-set from the GRB host nucleus.
On the other hand, its X-ray, UV and optical light-curves
and spectral energy distributions (SEDs) are well explained
within the standard afterglow model (Mangano et al. 2007;
Xue et al. 2009) and it follows the Amati relation as a normal
long burst (Amati et al. 2007). Because of the peculiarity of
this object alternatives progenitors has been proposed, as a
compact binary merger or a massive collapsar that powers
a GRB with no association with a SN (e.g. Gehrels et al.
2006; Fynbo et al. 2006; Della Valle et al. 2006; Gal-Yam
et al. 2006; Zhang et al. 2007; Caito et al. 2009).
The Swift-BAT light-curve of the short GRB 070714B
shows a short-duration peak followed by a softer, long-
lasting tail, called extended emission (EE). One quarter of
the detected short GRBs have an EE (Norris, Gehrels &
Scargle 2010). Their gamma-ray light-curves are similar and
uniform each other and their X-ray light-curves have similar
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Figure 2. Distribution of GRBs in our sample as projected over
the best fit function of the EX,iso-Eγ,iso-Epk correlation, with x
′
the coordinate representing the projection of the data over this
function. We fit the distribution with a Gaussian function (green
solid line), the sum of two Gaussian functions (red solid line),
and the sum of three Gaussian functions (blue solid line).
plateau luminosities and time-scales (Gompertz et al. 2013).
This suggests that they have a common progenitor, which is
different from the standard merger scenario for short GRBs,
since it must require an injection of energy after the first
spike, which switches off around 100 s after the trigger in
the rest frame. Several models have been proposed to ex-
plain the origin of these objects; for example, the central
engine for these bursts could be a magnetar (e.g. Metzger,
Quataert & Thompson 2008; Bucciantini et al. 2012; Gom-
pertz et al. 2013).
Figure 2 shows the distribution of GRBs in our sam-
ple as projected over the best fitting function of the EX,iso-
Eγ,iso-Epk correlation, with x
′ the coordinate representing
the position of the data points over this new reference axis
(e.g. the best fit function)6. Following the procedure used by
Horva´th et al. (2008), we fit the distribution with a single
Gaussian function (G1), with the sum of two Gaussian func-
tions (G2), and then with the sum of three Gaussian func-
tions (G3) using the Maximum Likelihood method7. The
maximum value of the log-likelihood functions are respec-
tively, -120.12, -104.58, -100.41. We perform a likelihood ra-
tio (LR) test8 to verify which model fits better this distri-
6 If, e.g., P(xP; yP) is the data point and y = mx + q is our
best fit function, the coordinate x′ is the x-coordinate of the in-
tersection point between the line that passes for the point P and
perpendicular to the best fit function, and the best fit function
itself. In this way, x′ = (m/(m2 + 1))(yP − q + (xP/m)).
7 For this analysis we minimize the negative loga-
rithm of the Likelihood function using the procedure
scipy.optimize.minimize of Python program language
(https://www.python.org/). For the three fit functions con-
sidered we obtain: a) single Gaussian function: µ = 51.73 and σ
= 0.86; b) sum of two Gaussian functions: µ1 = 50.50, σ1 = 0.65,
µ2 = 52.13 and σ2 = 0.42; c) sum of three Gaussian functions:
µ1 = 49.85, σ1 = 0.27, µ2 = 50.80, σ2 = 0.14, µ3 = 52.10, and
σ3 = 0.44.
8 We define LR = 2 [ln(L1) - ln(L2)], with L1 and L2 the max-
c© 2015 RAS, MNRAS 000, 1–??
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Figure 3. Two-parameter relations. Color code as Figure 1. Gray symbols indicate the intermediate group. The gray area indicates that
the best fit is computed using only long GRBs, while the cyan area indicates that the best fit is computed using all GRBs of the sample.
(a) The Amati relation (Eγ,iso - Epk relation): the green solid line is the best fit function for short GRBs as calculated by Calderone
et al. (2015) and the green area marks the 2σ region. (b) Ex,iso - Epk relation. (c) Eγ,iso - Ex,iso relation. (d) Epk vs. .
bution and we obtain: LRG1,G2 = 31.08 with p-value = 0.01
(DOF = 3), LRG2,G3 = 8.34 with p-value = 0.04 (DOF = 3)
and LRG1,G3 = 40 with p-value = 0 (DOF = 6). From this
statistical analysis, we can affirm that the best fit is done
with the model G3.
In the Amati relation (Figure 3a, Table 3) the interme-
diate group lies in the low peak energy part of the plane,
with the exception of two short GRBs, since the Amati rela-
tion is followed only by long GRBs. GRB 090426 and GRB
100816A are within in the limit of 2σ of the Amati relation,
so they behave as long GRBs (D’Avanzo et al. 2014).
In the Epk - EX,iso relation for long GRBs (Figure 3b,
Table 3), GRBs of the intermediate group lie within 2σ from
imum log-likelihood for the simpler model and the more compli-
cated model, respectively. Since LR ∼ χ2, with the degrees of
freedom (DOF) equal to the number of additional parameters in
the more complex model, we can calculate the p-value. If p-value
< 0.05 the more complex model is favorable.
the best fitting function, with exception of GRB 100816A
wich falls into 3σ and short GRBs do not follow this relation.
The Eγ,iso - EX,iso relation is followed by all GRBs of
the intermediate group (Figure 3c, cyan and gray areas, re-
spectively; Table 3).
The region of the EX,iso-Eγ,iso-Epk correlation plane oc-
cupied by this group could be considered as an intermediate
zone. In this area we find both low- and high-energy GRBs.
These objects have similar X-ray energies around 1051 erg,
but very different peak energies. The isotropic X-ray energy
of both short and long GRBs linearly increases with the
isotropic gamma-ray energy with the same scaling law (Fig-
ure 3c), while, for a given isotropic gamma-ray energy or a
fixed X-ray energy, short GRBs have higher peak energies
than long GRBs (Figures 3a 3b).
In addition, the majority of GRBs in the intermediate
group has a redshift < 1, except for short GRB 090426 (z
= 2.609) and GRB 120724A (z = 1.48), and long GRBs
belonging to this group have typical durations (T90 ≤ 80 s,
GRB 070714B). Their X-ray light-curves have a canonical
c© 2015 RAS, MNRAS 000, 1–??
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shape, with an initial steep decay, followed by a plateau
of small duration and/or steeper than usual and a normal
decay phase9.
Indeed these GRBs have small redshifts, like short
GRBs, and are less energetic than long one, even if they
have typical long GRB durations. They have canonical X-ray
light-curves and they show limited flaring activity. Therefore
they seem to represent a transitional group between GRBs
with low energies and simple X-ray light-curves (e.g. single
or double power laws or canonical shapes) and more en-
ergetic long GRBs, with also complex and unusual X-ray
light-curves (e.g. with a shallow phase before the steep de-
cay or with big flares). A larger sample is needed to confirm
or rule out the presence of an intermediate group.
4.2 Possible biases
In B12 and M13 we discussed the possible caveat on the def-
inition of EX,iso. In particular, we analysed the differences
between the values computed in the observer frame 0.3-10
keV and in the rest frame 0.3-30 keV, and on the arbitrari-
ness of the choice of the interval time for the integration.
We concluded that these factors do not influence the EX,iso-
Eγ,iso-Epk correlation. The EX,iso does not include the con-
tribution of flares, which are present in ∼ 40% of light-curves
of our sample. As we discussed in B12 and M13, the inclusion
of flares in the computation of the EX,iso does not influence
the EX,iso-Eγ,iso-Epk correlation because the energy content
of flares is usually ∼ 25% of the underlying continuum EX,iso
and the correlation scatter does not better, since the most
scattered population in this correlation are short GRBs that
have no bright flares (Margutti et al. 2011).
In this Section, we examine if the EX,iso-Eγ,iso-Epk cor-
relation could be affected by the redshift and by the prop-
erties of the X-ray light-curve.
Regarding the relation between EX,iso and redshift, in
Figure 4 in M13 we showed that we are not sensitive to
the population of bursts with EX,iso < 10
51 erg for z > 2,
in this way the low-energy tail of the EX,iso distribution is
currently undersampled. This is likely a non-detectability
zone. For z > 1 there is no evidence for an evolution of the
upper bound of EX,iso with redshift, which may suggest that
∼1053 erg is a physical boundary to the EX,iso distribution.
M13 underlined that maximum budget Emax ∼ 1052 erg is
predicted by magnetar models (Usov 1992).
In Figure 4, we show the distribution of GRBs in the
Eγ,iso - Epk - EX,iso plane depending on their redshift z.
Low X-ray energy GRBs (short GRBs and low-energy long
GRBs) are observed only at low redshift, while long GRBs
are observed at every redshift. We divided our sample into
three groups with the same number of objects depending on
their redshift (z < 1.1, 31 GRBs; 1.1 ≤ z < 2.44, 32 GRBs;
z ≥ 2.44, 32 GRBs) and we calculated the best fit function
for each group10; as shown in Figure 4 (Inset), the slope of
the correlation does not evolve with z. The error of the slope
9 The X-ray light-curves of GRBs 050416A and 100816A show
a small steep decay, difficult to fit with a canonical shape, while
the observations of GRB 120724A stop before 24000 s after the
trigger, suggesting that the normal decay phase might have been
missing.
10 Best fit function for the three groups of GRBs: a) z
parameter increases with the z, maybe because of the lack
of high-z objects in the bottom left part of the plane (i.e.
low-energy GRBs)11.
Moreover, the estimation of EX,iso, Eγ,iso, and Epk can
be influenced by different factors, for example the system-
atics introduced by the limited energy band of the detector
(e.g. Lloyd, Petrosian & Mallozzi 2000; Lloyd-Ronning &
Petrosian 2002), the extrapolation made for computing the
energies in an rest frame energy band (e.g. Kocevski & Pet-
rosian 2013), and the choice of the cosmological parameters
to calculate the luminosity distance (Amati 2006). On the
other hand, since the slope of this correlation is ∼ 1, the
dependence from the luminosity distance is small.
In particular, analysing Eγ,iso vs. z, we note that there
are few very bright GRBs at low redshift: this could be
caused by evolutionary effects (i.e. older GRBs are brighter),
by a correlation between GRB brightness and jet opening
angle (e.g. Ghirlanda et al. 2013), or by a combination of
jet structure and viewing angle (e.g. Lazzati et al. 2013).
For Epk, it is necessary to underline that the maximum
detectable Epk depends on the combination between the
brightness of the GRBs and the effective collecting area of
the instrument respect to the energy band. Because of these
effects, the correlation could be slightly influenced by z, but
current data do not allow to confirm this issue (see for ex-
ample Figure 4, Inset).
We consider the possibility that the EX,iso-Eγ,iso-Epk
correlation could be influenced by the different morphology
of the X-ray light-curve. We classify the X-ray light-curves
base on the number of break times in their fitting func-
tion (M13): Type 0 is fitted with a single power-law, Type
I with the sum of two power-laws, Type II (or canonical)
with the sum of three power-laws, and Type III with the
sum of four power-laws. Figure 5 shows the distribution of
GRBs in Eγ,iso - Epk - EX,iso plane depending on their X-
ray light-curve morphology. Since GRBs with different X-ray
light-curve shape are equally distributed on the plane, we
conclude that the distribution of GRBs in the EX,iso-Eγ,iso-
Epk plane is not dependent on this feature. In addition, we
make the fit considering only the sub-group of canonical X-
ray light-curves (33 GRBs) and we obtain fit parameters
that are consistent with the values computed for the entire
sample12. Therefore this correlation is not influenced by the
different shapes of the X-ray light-curves.
< 1.1, Log
[
EX,iso
]
= (0.95 ± 0.08) Log
[
Eγ,iso
]
− (0.61 ±
0.14) Log
[
Epk
]
− (0.66± 0.10), with σext = 0.29± 0.06; b) 1.1 ≤
z < 2.44, Log
[
EX,iso
]
= (0.90 ± 0.16) Log
[
Eγ,iso
]
− (0.47 ±
0.31) Log
[
Epk
]
− (0.61 ± 0.19), with σext = 0.32 ± 0.06; c)
z ≥ 2.44, Log
[
EX,iso
]
= (0.71 ± 0.26) Log
[
Eγ,iso
]
− (0.24 ±
0.46) Log
[
Epk
]
− (0.49± 0.21), with σext = 0.35± 0.07.
11 To prove that the Eγ,iso - Epk - EX,iso relation does not depend
on z a further analysis is needed, for example as in Dainotti et al.
(2013) for the LX - T
?
a relation, but it is beyond the aim of this
paper.
12 For the subgroup of the canonical X-ray light-curves we
calculate: Log[EX,iso] = (0.87 ± 0.12)Log[Eγ,iso] − (0.34 ±
0.24)Log[Epk] − 0.62 ± 0.13; if we fix m2 = −0.59 with σ =
0.28± 0.05.
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Table 3. From left to right: X and Y parameters to be correlated [the best-fitting law reads Log(Y) = q + m Log(X)]; best-fitting
parameters as obtained accounting for the sample variance (D’Agostini 2005): slope (m), normalization (q), intrinsic scatter (σ); errors
are given at 95 per cent c.l. For each parameter couple, values reported in the first line refer to the entire sample, while in the second
line we restrict our analysis to the long GRB class. EX,iso and Eγ,iso are normalized to 10
52 erg, while Epk to 100 keV.
X Y m q σ
Eγ,iso EX,iso 0.80±0.06 -0.84±0.08 0.40±0.04
0.68±0.06 -0.64±0.08 0.32±0.04
Eγ,iso Epk 0.26±0.03 0.38±0.07 0.38±0.04
0.51±0.04 0.04±0.05 0.19±0.02
Epk EX,iso 0.57±0.25 -0.55±0.19 0.83±0.08
1.01±0.14 -0.53±0.10 0.40±0.05
Epk η -0.63±0.10 -0.62±0.08 0.32±0.04
-0.57±0.11 -0.65±0.08 0.31±0.04
Figure 4. EX,iso-Eγ,iso-Epk correlation, considering the differ-
ences in redshift for GRBs in our sample. Blue squares: z < 1.1;
orange dots: 1.1 ≤ z < 2.44; green triangles: z ≥ 2.44. The black
solid line is the best fit function of the complete sample and the
gray area marks the 2σ regions. Inset : slopes of the best fit func-
tion for the three groups.
4.3 Physics and models
As in B12 and M13, we defined  = EX,iso/Eγ,iso.  represents
the opposite of the efficency, that is the ratio of the prompt
emission energy and the outflow kinetic energy (e.g., Lloyd-
Ronning & Zhang 2004). As we showed in our previous works
(B12, M13), we can divide the plane into two parts: one of
the low-energetic GRBs which are less efficient and occupy
the top left part of the plane, and the other group composed
of short and long GRBs, which have similar efficiencies. For
this reason, from this plot it would be impossible to discrim-
inate if GRB 090426A and GRB 100816A are long or short
GRBs (gray squares in Figure 3d).
The physics behind the prompt emission is still one of
the main open issues in the study of GRBs, with several
emission mechanisms and scenario being proposed. Among
these, the photospheric models (e.g. Me´sza´ros & Rees 2000)
and the cannonball (CB) model (e.g. Dar & de Ru´jula 2004)
are the ones providing most naturally a physical ground to
the EX,iso-Eγ,iso-Epk correlation.
The photospheric model considers how the GRB spec-
trum in the optically thick phase can be modified by the
48 49 50 51 52 53
log(Eγ,iso/erg)−0.57 log(Epk/keV)
48
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50
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Figure 5. EX,iso-Eγ,iso-Epk correlation, considering the different
type of X-ray light-curves. pink squares: Type 0; orange dots:
Type I; cyan hexagons: Type II; green triangles: Type III. The
black solid line is the best fit function, as in Figure 1, and the
gray area marks the 2σ regions.
interaction of the radiation field with the leptonic com-
ponent of the outflow, before it is released at the photo-
sphere (Me´sza´ros & Rees 2000; Rees & Me´sza´ros 2005; Gi-
annios 2006; Lazzati, Morsony & Begelman 2009). The sim-
ulations made by Lazzati et al. (2013) can reproduce the
EX,iso-Eγ,iso-Epk correlation since the radiative efficiency of
brighter bursts is higher than that of weaker bursts. How-
ever, for adequately comparing observations and simula-
tions, it is necessary to assume a value for the electron
equipartition parameter  (Lazzati et al. 2013). They show
that, by adopting the fiducial value  = 0.1, a good agree-
ment between simulation results and observed values is ob-
tained.
In the CB model (Dar & de Ru´jula 2004; Dado, Dar &
De Ru´jula 2009b,a), the Inverse Compton scattering caused
by the interaction between the electrons of the CB plasma
and the light in the near ambient of the SN is responsible of
the γ-ray prompt emission of the GRBs, while the afterglow
emission is related to the synchrotron radiation of the elec-
trons swept-in and accelerated in the CBs. In this model,
the EX,iso-Eγ,iso-Epk correlation is simply the combination
of the two parameter correlations of kinetic origin that are
followed by both long and short GRBs, even if with differ-
c© 2015 RAS, MNRAS 000, 1–??
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ent normalizations, and so it depends on the large Doppler
boosting and the relativistic beaming that strongly influ-
enced the observed radiation (Dado & Dar 2013).
5 SUMMARY AND CONCLUSIONS
In this paper we confirm the existence of the EX,iso-Eγ,iso-
Epk correlation by employing a large sample of 94 GRBs
(35% more than the previous sample and a double number
of short GRBs, B12 and M13). The main feature of this
correlation is that it involves both prompt and afterglow
quantities (EX,iso, Eγ,iso and Epk) and it is followed by all
kinds of GRBs, both short and long GRBs.
As underlined in previous papers (B12, M13), this cor-
relation implies the existence of common properties between
long, short and low energetic GRBs, even if they have dif-
ferent progenitors and environments.
In particular, in this paper we have shown that:
(i) The EX,iso-Eγ,iso-Epk correlation is followed by ultra-
long GRBs (060218, 101225A, 111209A, and 130925A),
which do not occupy a particular region in the plane. Indeed
GRBs 101225A, 111209A, and 130925A behave as common
long GRBs.
(ii) There is a possible intermediate group of transition
between long and short GRBs, composed by different kinds
of GRBs. In particular, in this group we find GRBs 090426,
100816A, and 060614 which have uncertain classification
since they have properties of both long and short GRBs,
and GRB 070714B that is a short GRB with EE.
(iii) We considered the possibility that the correlation
could be biased by some assumption or evolve with some pa-
rameter. In B12 and M13 we excluded that the EX,iso-Eγ,iso-
Epk correlation is influenced by the definition of EX,iso. Here,
we showed that this relation is independent from the X-ray
light curve morphology, indicating its robustness. A deeper
analysis is needed to confirm its independence from the red-
shift.
(iv) As discussed in B12, the EX,iso-Eγ,iso-Epk correlation
can be expressed in the form of a two-parameter correlation
between the GRB efficiency and Epk, as shown in Figure
3d. The physical origin of such a relation may be connected
with the outflow Lorentz factor.
(v) The photospheric model (Lazzati et al. 2013) and the
CB model (Dado & Dar 2013) can reproduce this correla-
tion.
This updated sample confirms the existence of the
EX,iso-Eγ,iso-Epk correlation. More data are necessary to
confirm the possible existence of the intermediate group
and to understand the possible physical processes that lead
EX,iso, Eγ,iso and Epk to be linked.
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APPENDIX A: D’AGOSTINI’S METHOD
For the fit of the correlation that depends by three pa-
rameters, EX,iso, Eγ, iso and Epk, we use the method of
D’Agostini (2005) (see Eq. (70) therein):
f(p) = 0.5
∑
log[p[4]2 + σ(Epk)
2 + (p[1]σ(Eγ,iso))
2 + (p[2]σ(EX,iso))
2] +
+0.5
∑ (Epk−p[1]Eγ,iso−p[2]EX,iso−p[3])2
p[4]2+σ(Epk)
2+(p[1]σ(Eγ,iso))
2+(p[2]σ(EX,iso))
2 ,
with p[1], p[2] and p[3] the coefficients of the function and
p[4] the extra-scatter parameter.
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Table A1. List of 33 GRBs added to the old sample. Short GRBs are marked in boldface, while the GRB with uncertain classification
is underlined. a) Lower limit (D’Avanzo et al. 2014).
GRB z EX,iso (10
52) Eγ,iso (10
52 erg) Epk (kev)
080123 0.495 0.0134±0.0002 0.13a 149.50
090426 2.609 0.142±0.011 0.541±0.064 320±54
100117A 0.920 0.020±0.001 0.130±0.015 551±135
100625A 0.452 0.0015±0.0002 0.075±0.003 701±114
110106B 0.618 0.007±0.003 0.734±0.073 194±56
110205A 2.220 8.657±0.075 48.317±6.38 757±305
110213A 1.460 2.243±0.042 5.778±0.813 224±74
110503A 1.613 1.198±0.016 20.817±2.082 551±60
110715A 0.820 0.765±0.016 4.361±0.445 220±22
110731A 2.830 4.058±0.064 49.464±4.946 1164±116
110801A 1.858 0.742±0.021 10.897±2.724 400±171
110818A 3.360 0.594±0.021 26.642±2.756 1116±240
111107A 2.893 0.349±0.023 3.757±0.550 420±124
111117A 1.200 0.010±0.001 0.338±0.106 966±322
111209A 0.677 4.430±0.094 5.139±0.620 520±89
111228A 0.716 0.603±0.008 2.750±0.275 58±7
120119A 1.728 1.326 ±0.030 27.197±3.626 496±50
120326A 1.798 1.435±0.027 3.267±0.327 152±15
120712A 4.174 1.764±0.126 21.199±2.110 641±130
120802A 3.796 0.336±0.0150 12.886±2.761 274±93
120811C 2.671 2.192±0.061 6.405±0.640 198±20
121128A 2.200 2.489±0.066 8.659±0.866 243±24
130408A 3.758 1.276±0.126 34.972±6.442 1000±140
130427A 0.340 3.480±0.0220 91.891±13.127 1250±150
130505A 2.270 11.848±0.112 346.586±34.659 2030±203
130603B 0.356 0.0129±0.0005 0.212±0.023 966±322
130701A 1.155 0.332±0.008 0.415±0.041 2.283±0.020
130831A 0.479 0.075±0.003 0.126±0.023 1.908±0.032
130907A 1.238 7.921±2.480 2.465±0.027 2.944±0.013
130925A 0.347 2.067±0.042 1.266±0.020 2.387±0.023
131030A 1.295 1.150±0.020 1.482±0.026 2.609±0.023
140206A 2.730 6.560±0.078 1.734±0.079 2.651±0.035
140419A 3.956 7.896±0.092 2.180±0.171 3.160±0.109
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